2次元層状物質群における薄膜成長と物性制御に関する研究 by ZHENG Dingheng
Thin film growth and study of physical






（別紙様式５）                                       
論 文 内 容 要 旨 
(NO．1) 
氏  名 Zheng
ゼ ン
EDinghengE 
デ ィ ン ヘ ン
 提出年 令和 2 年 
学位論文の 
題   目 
 
Thin film growth and study of physical properties for 2D layered materials 
(2 次元層状物質群における薄膜成長と物性制御に関する研究) 
 
Table of Contents 
Chapter 1 Introduction ................................................................................................................................ 1 
1.1 The pursuit of thin films ....................................................................................................................... 1 
1.2 Two-dimensional layered materials ...................................................................................................... 8 
1.3 Thickness dependent properties in 2D materials ................................................................................ 10 
1.4 Outline of thesis .................................................................................................................................. 16 
Chapter 2 Experimental Methods ............................................................................................................ 19 
2.1 Pulsed-laser deposition ....................................................................................................................... 19 
2.2 Molecular-beam epitaxy ..................................................................................................................... 20 
2.3 Thin film characterization methods .................................................................................................... 23 
2.4 Device fabrication and micro-nanofabrication ................................................................................... 28 
Chapter 3 Thickness-dependent Electrical and Optical Properties in InSe ......................................... 31 
3.1 Properties in previous InSe flakes ...................................................................................................... 32 
3.2 Thin film growth of InSe .................................................................................................................... 33 
3.3 Thickness dependent optical properties .............................................................................................. 35 
3.4 Thickness dependent electrical transport properties ........................................................................... 40 
3.5 Summary of this chapter ..................................................................................................................... 45 
Chapter 4 Two-dimensional Growth of Conductive Ultra-thin Sn Films ............................................. 47 
4.1 Stanene and α-Sn as topological materials ......................................................................................... 48 
4.2 Sn film growth directly on substrates ................................................................................................. 50 
4.3 Two-dimensional growth of Sn films on Fe buffer layer.................................................................... 53 
4.4 Electrical transport characterization of Sn/Fe bilayer ......................................................................... 60 
4.5 Summary of this chapter ..................................................................................................................... 68 
Chapter 5 Tunneling Spectroscopy in FeSe with Insulating Capping Layer ....................................... 69 
5.1 Introduction and overview .................................................................................................................. 69 
5.2 Capping layers for ultra-thin FeSe films ............................................................................................. 75 
5.3 Tunneling spectroscopy in charging process ...................................................................................... 77 
5.4 Tunneling spectroscopy in discharging process ................................................................................. 83 
5.5 Tunneling spectroscopy fitting and discussion ................................................................................... 85 
5.6 Summary of this chapter ..................................................................................................................... 88 
Chapter 6 Summary and Concluding Remarks ...................................................................................... 89 
Bibliography .................................................................................................................................................... 93 
Appendix Device fabrication ......................................................................................................................... 103 
List of Publications and Presentations ........................................................................................................... 109 
Acknowledgements ....................................................................................................................................... 111 
論 文 内 容 要 旨    Zheng Dingheng  No. 2 
Abstract of Thesis 
Since the experimental exemplification of graphene, two-dimensional (2D) layered materials have 
attracted keen interests as potential applications to atomically thin-film devices using their wide variety of 
physical properties. Thin film growth of the 2D materials is one of the effective approaches to realize such 
next-generation electronic and optoelectronic devices owing to the precise controllability of the thickness and 
applicability to the large-scale fabrication. This thesis addresses the thin film growth and thickness dependent 
physical properties of the 2D layered materials, including semiconductor InSe, metallic ultra-thin Sn films, and 
superconductor FeSe, which becomes possible by the superior controllability and reproducibility of the thin film 
growth techniques. 
InSe is a semiconductor with a band gap of about 1.26 eV in bulk form. The density functional theory 
calculation suggests that its optical bandgap increases to the value ranging between 2.4 and 3.0 eV by reducing 
the thickness down to monolayer due to the quantum confinement effect. Such thickness dependent optical 
bandgap makes InSe a candidate for an efficient photodetector sensitive to the wavelength selected by thickness. 
To examine its thickness dependence of the optical and electrical properties, we applied a pulsed-laser deposition 
(PLD) technique for the growth of InSe thin films on AlR2ROR3R (0001) and InP (111) substrates. For d-nm-thick 
InSe films on AlR2ROR3R, the systematic shift of the absorption edge in the absorbance spectra is clearly observed 
with decreasing d. This blue shift with the thickness reduction is consistent with the previous photoluminescence 
studies in exfoliated flakes and calculations. In addition, we obtain a high sheet conductance and 
room-temperature mobility reaching 730 cmP2 PV P−1PsP−1P for InSe on InP, while InSe on AlR2ROR3R is highly resistive. 
From the weak thickness dependence of carrier density in d > 10 nm region, we conclude that the high 
conductance originates from the interface between InSe and InP. The PLD growth technique of the layered InSe 
thin films will accelerate its applications towards the multifunctional optical and electrical devices based on 2D 
materials. 
Thin film growth of α-Sn or its 2D form stanene is prerequisite to extract their intriguing transport 
properties stemming from the unique band topology. However, it has been difficult to grow the Sn thin film 
directly on insulating substrate because of the 3D island growth on oxide substrates. A phase transition between 
a low-temperature phase α-Sn (diamond structure) to a high-temperature phase β-Sn (tetragonal) occurring at 
around 13 °C probably accounts for this 3D growth. Here, we have investigated the effect of an Fe buffer layer 
on the growth mode of the Sn film on an insulating AlR2ROR3R (0001) substrate at room temperature using 
molecular-beam epitaxy (MBE). Atomic force microscopy revealed that the 3D growth of the Sn films on AlR2ROR3R 
varies to a 2D layer-based mode by insertion of the 2-nm-thick Fe layer, signaling the effectiveness of the Fe 
insertion to stabilize 2D growth of Sn. The 3D growth mode reappears when the thickness of Sn (dRSnR) exceeds 
the critical dRSnR of about 1.0 nm. This growth mode change can be seen as a systematic increase and saturating 
behavior of the sheet conductance (1/RRxxR) of the dRSnR-nm-thick Sn/2-nm-thick Fe bilayer with increasing dRSnR. 
From the slope of dRSnR dependent 1/RRxxR, we extract the resistivity of the 2D grown Sn (ρRSnR) of about 10P−5P Ω·cm, 
which is rather consistent with that of α-Sn. Further optimization of the 2D growth of conductive ultra-thin Sn, 
such as low-temperature growth or different buffer layers, may offer a platform to stabilize α-Sn or 2D stanene 
films for investigation of their topological properties. 
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FeSe is a layered superconductor with superconducting transition temperature TRcR about 8 K in bulk 
form. Electrical transport measurements demonstrate that the TRcR is largely enhanced to ~40 K when a monolayer 
FeSe is deposited on SrTiOR3R substrate or a multilayer FeSe is doped with electron. In contrast, spectroscopic 
measurements have reported the gap closing temperature of ~65 K, which is much higher than the TRcR in 
resistivity measurement. To unthread the gap between transport and spectroscopic measurements, we attempt to 
detect the gap by the tunneling spectroscopy in high-TRcR ultra-thin FeSe films combined with the electric-double 
layer (EDL) transistor configuration. We utilize the insulating amorphous 2-nm-thick InSe as a tunneling barrier. 
In the InSe-capped 2-nm-thick FeSe on SrTiOR3R, a high TRcR up to 41 K was achieved by applying gate voltage. In 
high-TRcR condition, the tunneling spectra (dI/dV–V) curves show a signature of superconducting gap at low 
temperatures, which gradually closes with increasing temperature up to a value comparable to the onset TRcR in the 
electrical transport measurement. 
Our demonstration of thin film growth techniques applied to the growth of 2D layered materials with a 
well-controlled thickness is proved to be effective in the investigation of thickness dependence of various 
physical properties. By taking advantage of the reproducibility and controllability of the thin film growth 
techniques, the multifunctional devices based on the various intriguing physical properties of 2D layered 






































本論文は全 6 章で構成される。第 1 章で研究背景や従来の研究について概説し、本研究の目的
を述べている。第 2 章で実験方法を説明している。第 3 章から第 5 章に、各種層状物質の物性に
関する実験結果の詳細を報告している。第 6 章に本研究のまとめを記載している。 
層状物質群の特徴ある物性を薄膜素子研究に展開する上で必要不可欠な膜厚制御と物性変化の
相関を検証することにより、層状物質の特性を明らかにするとともに、界面に生じる新たな相関
現象の発現に関する知見を見出した。これらをまとめた本研究は、自立して研究活動を行うに必
要な高度の研究能力と学識を有することを示している。したがって，Zheng, Dingheng 氏提出の
博士論文は、博士（理学）の学位論文として合格と認める。 
 
